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AN ETCHING METHOD USED IN FABRICATIONS OF MICROSTRUCTURES 

CROSS-REFERENCE TO RELATED APPLICATI ONS 
[0001] This application is a continuation-in-part of a) US patent application 10/627,302 to 
Patel et al, filed on July 24, 2003; and b) US patent application 10/104,109 to Patel et al, filed 
on March 22, 2002. Each of the above applications is incorporated herein by reference in 
their entirety. 

TECHNICAL FIEL H OF THE INVENTION 
[0002] The present invention is related generally to the art of fabrications of 
microstructures which includes such devices as microelectromechanical systems, 
semiconductor devices, and, more particularly, to etching processes in the fabrications of the 
microstructure. 

BACKGROUND OF THE INVENTION 
[0003] Sacrificial materials are commonly used in fabrications of microstructures such as 
microelectromechanical systems and semiconductor devices. Specifically, sacrificial layers 
having selected sacrificial materials are deposited between adjacent structural layers (e.g. 
between vertically disposed and laterally disposed structural layers) of the microstructures. A 
typical and pervasively used sacrificial material is amorphous silicon. Once the desired 
structure of the microstructure is formed, the sacrificial layers are removed by etching and the 
structural layers are left behind. 

[0004] The success of the etching process depends upon the selectivity of the etching 
process, wherein the selectivity is defined as the ratio of the amount of the sacrificial material 
being removed to the amount of the materials of the structural layers being removed. 
Performance, uniformity and yield can all be improved with increase in the etch selectivity. 
[0005] More recently, etching methods using selected vapor phase etchants have exhibited 
many advantages, such as high selectivity, less contamination and less process stiction in 
fabrications of microstructures as opposed to other available etching methods, such as wet 
etching techniques. 

[0006] Accordingly, a method and apparatus is desired for removing sacrificial materials, 
especially the sacrificial material between vertically disposed structural layers in 
microstructures using selected vapor phase etchant with high efficiency and selectivity. 
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SUMMARY OF THE INVENTION 
[0007] In view of the forgoing, the present invention discloses a method and apparatus for 
removing the sacrificial materials in fabrications of microstructures, especially the sacrificial 
materials between vertically disposed structural layers of the microstructures using one or 
more selected spontaneous vapor phase etchants. A spontaneous chemical etchant is an 
etchant such that a chemical reaction between said etchant and a sacrificial material occurs 
spontaneously and does not require activation energy. A spontaneous vapor phase etchant is 
a spontaneous chemical etchant that reacts with the sacrificial material in vapor phase. In an 
etching process, the etchant is mixed with a diluent gas to form an etchant recipe in vapor 
phase. The etchant recipe has a mean-free-path corresponding to the minimum thickness of 
the sacrificial layers between the structural layers of the microstructure. 
[0008] In an embodiment of the invention, a method for removing a sacrificial material that 
is disposed within a gap between two structural layers of a microstructure using a vapor 
phase etchant recipe is disclosed. The method comprises: determining a size of the gap; 
preparing the vapor phase etchant recipe such that a mean-free-path of the etchant recipe is 
equal to or less than the gap size; and removing the sacrificial material of the microstructure 
using the prepared etchant recipe. 

[0009] In another embodiment of the invention, a method is disclosed. The method 
comprises: loading a microstructure having a sacrificial material disposed within a gap 
between two vertically disposed structural layers of the microstructure into an etch system, 
wherein the gap has a size less than 1.5 micrometer; preparing a vapor phase etchant recipe 
such that a mean-free-path of the etchant recipe is equal to or less than the gap size; and 
removing the sacrificial material of the microstructure using the prepared etchant recipe. 
[0010] In yet another embodiment of the invention, a method is disclosed. The method 
comprises: loading a microstructure having a sacrificial material disposed within a gap 
between two vertically disposed structural layers of the microstructure into an etch system; 
preparing a vapor phase etchant recipe such that a mean-free-path of the etchant recipe is 
equal to or less than 1.5 micrometers; and removing the sacrificial material of the 
microstructure using the prepared etchant recipe. 

[0011] In yet another embodiment of the invention, a method is disclosed. The method 
comprises: loading a microstructure having a sacrificial material disposed within a gap 
between two adjacent vertically disposed structural layers of the microstructure into an 
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etching system; preparing a vapor phase etchant recipe having a pressure higher than 2 
atmospheres; and removing the sacrificial material of the microstructure using the prepared 
etchant recipe. 

[0012] In yet another embodiment of the invention, a method for fabricating a micromirror 
is disclosed. The method comprises: preparing a substrate; depositing one or more sacrificial 
layers; forming a mirror plate and a hinge layer on the one or more sacrificial layers; 
preparing a vapor phase etchant recipe such that a mean-free-path of the etchant recipe is 
equal to or less than a minimum thickness of the one or more sacrificial layers; and removing 
the sacrificial layers using the prepared etchant recipe. 

[0013] In yet another embodiment of the invention, an etching system for removing a 
sacrificial material disposed within a gap between two structural layers of a microstructure is 
disclosed. The system comprises: an etchant source containing a spontaneous vapor phase 
chemical etchant that chemically reacts with the sacrificial material for removing the 
sacrificial material from the microstructure; a diluent gas source containing a diluent gas; an 
etch chamber containing the microstructure for preparing an etchant recipe having the 
chemical etchant, wherein the etch chamber further comprises: a rotatable sample holder for 
holding the microstructure such that the microstructure rotates with the sample holder within 
the etch chamber; an exchange chamber connected to the etchant source, the diluent gas 
source and the etchant chamber; a chamber gate that is attached to the exchange chamber and 
the etch chamber for allowing a gas to flow between the exchange chamber and the etch 
chamber when the chamber gate is open; and a pump connected to the exchange chamber for 
pumping out the gas in the exchange chamber out of the exchange chamber. 

BRTKF DESCRIPTION OF DRAWINGS 
[0014] While the appended claims set forth the features of the present invention with 
particularity, the invention, together with its objects and advantages, may be best understood 
from the following detailed description taken in conjunction with the accompanying drawings 
of which: 

[0015] FIG. la is a cross-section view of a portion of a microstructure having a sacrificial 
material deposited between two vertically disposed adjacent structural layers and between 
laterally disposed adjacent structural layers of a microstructure; 
[0016] FIG. lb plots mean-free-path versus pressure for different molecules; 
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[0017] FIG. 2 is a block diagram illustrating an etching system according to embodiment of 
the invention; 

[0018] FIG. 3 is a block diagram schematically illustrating a portion of an etching system 
according to another embodiment of the invention. 

[0019] FIG. 4 is a perspective view of a portion of an exemplary micromirror array that is 
fabricated using a fabrication process, in which the etching method according an embodiment 
of the invention is employed; 

[0020] FIG. 5 is a perspective view of a portion of a micromirror of the micromirror array 
of FIG. 4; 

[0021] FIG. 6a is a cross-section view of the micromirror in FIG. 5 during the fabrication 
process; 

[0022] FIG. 6b is a cross-section view of two adjacent micromirrors of micromirror array in 
FIG. 4 during the fabrication process; and 

[0023] FIG. 6c is a cross-section view of the micromirror in FIG. 6a after removing the 
sacrificial materials. 

nF.TATT.ED DESCRIPTION OF TH E EMBODIMENTS 
[0024] The present invention teaches a method and apparatus for removing the sacrificial 
materials disposed within the gap between vertically and / or laterally disposed structural 
layers of the microstructures in fabrications of the microstructures using one or more selected 
spontaneous vapor phase etchants. 

[0025] In the etching process, the vapor phase etchant is mixed with a diluent gas to form 
an etchant recipe in vapor phase. The etchant recipe has a mean-free-path that corresponds to 
the minimum size of the gap among one or more gaps having the sacrificial layers and 
between the vertically disposed structural layers of the microstructure. In general, the mean- 
free-path of can be larger, equal to or smaller than the gap, but preferably smaller than the 
gap. Specifically, the mean-free-path of the etchant recipe is preferably equal to or less than 
a value that is 2 times of the gap size, and more preferably the mean-free-path is equal to or 
less than a value that is 1.5 times of the gap size, and more preferably the mean-free-path is 
equal to or less than a value that is 90 percent of the gap size, and more preferably the mean- 
free-path is equal to or less than a value that is 50 percent of the gap size, and more 
preferably from 90 percent to 1.5 times of the gap size. The vapor phase etchant recipe is 



-4- 



ATTORNEY DOCKET NO. P 1 20 - US 



provided to an etching system containing the microstructure. In the etching system, the 
etchant recipe diffuses to and chemically reacts with the sacrificial layers of the 
microstructure and generates reaction products in vapor phase that can be evacuated out of 
the etching system. Because the etchant recipe has a shorter mean-free-path than the 
minimum gap size, it is able to remove sacrificial layers between vertically disposed 
structural layers (i.e. the sacrificial layers underneath the structural layers). 
[0026] Turning to the figures, FIG. la is a cross-section view of a portion of a 
microstructure comprising structural layers 93, 94, 97 and 98 and sacrificial layers 92, 95 and 
96 in a fabrication process. Sacrificial layers 95 and 96 are respectively disposed between 
vertically disposed structural layers 94 and 98 and structural layers 93 and 97. Sacrificial 
layer 92 is disposed between the laterally disposed structural layers 97 and 98 and structural 
layers 93 and 94. Once the structural layers of the microstructure are formed, the sacrificial 
layers in between need to be removed to release the microstructure. 

[0027] The sacrificial layers are removed through a chemical reaction between the 
sacrificial material of the sacrificial layers and a suitable chemical etchant. The chemical 
etchant is preferably a spontaneous vapor phase chemical etchant and chemically reacts with 
the sacrificial material, wherein the reaction products from the chemical reaction are in vapor 
phase and can thus be evacuated from the etching system using gas-pump facilities. 
[0028] In order to enable the chemical reaction, gas molecules of the etchant need to be in 
contact with molecules of the sacrificial material. This contact is accomplished through 
diffusion of the etchant molecules to the sacrificial layers, which will be discussed in detail in 
the following. 

Diffusion nf the etchant in to the sacrificial layers 

[0029] The diffusion of the etchant molecules to the sacrificial layers in the etching process 
of the present invention occurs because of concentration gradient (which is often referred to 
as ordinary diffusion), provided that none of pressure gradient, thermo gradient and external 
forces to the etchant molecules present in the diffusion process. There are two types of 
ordinary diffusion mechanisms - one is the molecule diffusion and the other one is the 
Knudsen diffusion. The molecule diffusion proceeds through collision of the gas molecules, 
such as the etchant gas molecules, while the Knudsen diffusion proceeds through collision of 
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gas molecules with structures of the microstore and / or walls of the container containing 
the gas. 

[0030] In the etching process, the diffusion type is determined by a comparison of the 
mean-free-path of the gas to the minimum size of the gap among the gaps having the 
sacrificial material and between the vertically disposed structural layers. For example, the 
diffusion of the etchant molecules into sacrificial layer 95 is determined by a comparison of 
the mean-free-path of the etchant molecules to the distance between structural layers 93 and 
97. In this example, the distance is the thickness of the sacrificial layer. 

Mean-Free-Path 

[0031] The mean-free-path measures the average distance a gas molecule (e.g. the etchant 
gas molecule) can travel before undergoing a collision, and can be expressed as: 
R I- . . . Equation 1 



42?zcx 2 PN 

wherein X is the mean-free-path. T is the absolute temperature in °K. a is the collision 
diameter in angstrom and a 2 is the collision cross-section. P is the pressure of the gas in 
atmosphere (atm). R is the gas constant equal to 82.05 cmWgmole-^K 1 . And N is the 
Avogadro's constant equal to 6.02xl0 23 molecules- g-mole 1 . FIG. lb plots the mean-free- 
path versus pressure in logarithmic scale for two different types of gases. 
[0032] In FIG. lb, the line represents the mean-free-path of gases versus pressure at room 
temperature 300°K in logarithmic scale, wherein the molecules of the gas have an average 
collision diameter of 2.58 angstrom. The dash-line represents the mean-free-path of a gas 
versus pressure at room temperature 300°K in logarithmic scale, wherein the molecules of the 
gas have an average collision diameter of 3.68 angstrom. It can be seen from the figure that 
the gas with a smaller collision diameter has a larger mean-free -path at a given pressure and 
temperature. For example, at pressure 65.3 torr, the mean-free-path of the gas having a 
collision diameter around 2.58 angstrom is 1.61 micrometer, whereas the mean-free-path of 
the gas having collision diameter 3.68 angstrom is 0.79 micrometer. 

[0033] If the mean-free-path of the gas is less than the gap size of the structures, such as the 
gap between structure layers 94 and 98, or the gas between layers 93 and 97, the diffusion of 
the gas into sacrificial layer 96 is dominated by collisions among gas molecules. If the mean- 
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free-path of the gas is larger than the gas size, the diffusion is dominated by collisions of the 
molecules of the gas and the structure layers. 

[0034] In the etching process, an etchant recipe having the selected gas etchant is provided 
in the etching system. The molecules of the gas etchant can diffuse to the sacrificial layers, 
such as sacrificial layer 92 in FIG. la, which are directly exposed to the gas etchant 
regardless of the mean-free-path or the gap size between layers 97 and 98 or between layers 
95 and 96 The diffusion of the etchant gas molecules into the sacrificial layers (e.g. layer 95 
and 96) that are not directly exposed to the etchant gas, however, requires collisions among 
the gas molecules. This type of diffusion occurs when the mean-free-path is smaller than the 
size of the gap having the sacrificial material. That is, in order to efficiently remove the 
sacrificial layers not directly exposed to the etchant gas, the gas etchant is prepared such that 
the mean-free-path of the etchant gas corresponds to the gap size. In general, the mean-free- 
path of can be larger, equal to or smaller than the gap, but preferably smaller than the gap. 
Specifically, the mean-free-path of the etchant recipe is preferably equal to or less than a 
value that is 2 times of the gap size, and more preferably the mean-free-path is equal to or 
less than a value that is 1.5 times of the gap size, and more preferably the mean-free-path is 
equal to or less than a value that is 90 percent of the gap size, and more preferably the mean- 
free-path is equal to or less than a value that is 50 percent of the gap size, and more 
preferably from 90 percent to 1.5 times of the gap size. 

[0035] According to the invention, the etchant is preferably a spontaneous vapor phase 
chemical etchant that chemically reacts with the sacrificial material of the sacrificial layers m 
the microstructure, wherein the reaction products are also in vapor phase and can be 
evacuated from the etching system using gas pumping facilities. For example, the vapor 
phase chemical etchant can be selected from a group comprising mterhalogen (e.g. bromine 
trifluoride), noble gas halide (e.g. xenon difluoride) and HF. 

[0036] In order to remove the sacrificial material of the sacrificial layers that are not 
directly exposed to the etchant recipe, such as sacrificial layers 96 between vertically 
disposed structure layers 93 and 97, the chemical etchant is mixed with a diluent gas, which 
is preferably a inert gas selected from a group comprising He, N 2 , Ne, Ar, Kr and Xe. The 
gas mixture of the etchant and the diluent gas is referred to as an etchant recipe. The pressure 
(total pressure) of the vapor phase etchant recipe is determined based upon the size of the gap 
having the sacrificial material at a given temperature. Specifically, the pressure of the etchant 
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recipe is set to a value sueh that the mean-free-path of the etchant recipe is equal to o, less 
thau the size of the gap a. a giveu temperature that is preferably around 300 K. For example, 
the pressure of the etchant recipe for removing sacrificial layers 96 in FIG. la is set ,0 a value 
such that the mean-free-path of the etchant recipe is less than the gap (distance) between 
vertically disposed structural layers 94 and 98 at a given temperature. In th.s example, the 
thickness of sacrificial layer is the gap size. In a microstructure having a mulriphcty of gaps 
filled with a sacrificial material and the gaps having different sizes, the pressure of the 
etchant recipe is se, to a value such that the mean-free-path of the etchant recipe is equal to or 
less man the minimum size of the gap among the gaps between vertically disposed structural 
layers. 

[0037] According to the invention, the total pressure of the vapor phase etchant recipe is 
from 1 to 700 torr, and more preferably from 20 to 300 torr, more preferably from 20 to 200 
torr and more preferably from 35 to 100 torr. As a way of example, nitrogen gas is used as 
the diluent gas. The nitrogen gas molecules have an average collision diameter around 3.68 
angstrom As shown in the dash-line in FIG. lb, at room temperature around 300 K, the 
mean-free-path of the nitrogen gas ranges from 0.17 to 2.2 micrometers when the pressure 
vanes from 300 to 20 torr. Above 300 torr, the mean-free-path does not change significantly 
and converges to a value around 0.1 micrometers. The mean-free-path is from 1.5 to 0.5 
micrometer when the pressure is within the range from 35 to 100 torr. The etchant gas and 
the diluent gas of the etchant recipe have different partial pressures. In an embodiment of the 
invention, the ratio of the partial pressure of the etchant to the partial pressure of the diluent 
gas is preferably from 1/1000 to 1/100, and more preferably from 4/100 to 6/200. 
[0038] With the proper mean-free-path, the etchant recipe efficiently removes the sacrificial 
layers In particular, the etchant recipe removes the sacrificial layers not directly exposed to 
the etchant, or the sacrificial layers underneath the structural layers, such as the sacrificial 
layers (e.g. layer 96) between vertically disposed structure layers (e.g. layers 94 and 98). 
[0039] In addition to the mean-free-path, selectivity is another parameter that dominates the 
etching success. The selectivity is defined as: 
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etc hing rate of the sacrificial material 
selectivity = efching ra(e 0 y fhe structura l materials 

diffusivity inside the gap between structural layers Equation 2 
~ a diffusivity to the surface of the structural layers 



wherein a is a coefficient determined by parameters other than diffusivity. In particular, a is 
a parameter describes the chemical reaction between the material and the etchant. For 
example, when the material is aluminum and the etchant is XeF 2 , a is infinite. The etching 
rate is defined as the amount of materials removed per unit time. The dtffusivity is defined 
through Fick's first law of diffusion in a binary system having two types of gas molecules A 
andB. 

J A = -cD AB Vx A . . . Equation 3 
j A is the molar diffusion flux, c is the molar density of the etchant recipe and equals c A + c B , 
wherein c A and c B are molar concentrations of A and B, respectively. x A equals c A /c and 
denotes the molar fraction of A. Vx A is the gradient of the molar fraction of A. D AB is the 
diffusivity of A in the A-B binary system. 

[0040] In a diffusion following the molecular diffusion mechanism, the diffusivity Dab can 
be expressed as: 



D AB = 1-8583 x 10~ 7 — \ M " MBJ - Equation4 
wherein T is the temperature. M A and M B are molar weights of molecules A and B, 
respectively. P is the pressure. a AB is the collision diameter of A and B in the A-B binary 
system. Q AB is a dimensionless function of temperature and inter-molecular potential 
between two molecules A and B. 

[0041] In a diffusion following the Knudsen diffusion mechanism, the diffusivity D AB can 
be written as: 

d \8RT ^ 485d _L_ ... Equation 5 



UkA ~ 3\7tM A ' iM A 
wherein d measures the gap that is between the structural layers and filled with the sacrificial 
material. R is the ideal-gas constant. 
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[0042] As afore described, when the mean-free-path of the vapor phase etchant recipe is 
less than then size of the gap having the sacrificial material, both diffusions of the etchant 
molecules into the sacrificial material and into the structural layers obey the molecular 
diffusion mechanism. That is, 

D g ap = D b uik = Dab\ and 

Selectivity = ^E- = a ... Equation 6 

When the mean-free-path of the vapor phase etchant is larger than the size of the gap between 
the vertically disposed structural layers, such as sacrificial layers 95 and 96 in FIG. la, the 
diffusion of the etchant molecules into the sacrificial layer in the gap follows the Knudsen 
diffusion mechanism. In this situation, the diffusion is accomplished through collisions of 
the etchant molecules with the inner surfaces (e.g. surfaces 98a, 94a, 97a and 93a) of the 
structural layers forming the gap (e.g. layers 94 and 98, and 93 and 97). Therefore, the 
diffusivity of the etchant molecules into those sacrificial layers (layers 96 and 95) is the 
Knudsen diffusivity of equation 5, that is, 

D gap =D kA ... Equation 7 

[0043] The diffusivity of the etchant molecules into the structural layers still obeys the 

molecular diffusion mechanism, that is 

Dbuik = Dab ... Equation 8 

By combining equations 2, 4, 5, 7, and 8, the selectivity can be expressed as: 

Selectivity = a = a . . ■ Equation 9 

D bu ik D AB 

As an example, XeF 2 is the A component and helium is the B component of the A-B binary 
system, ^isl. (Jab = 0.5(o^+og) = 0.5 X (2.339 + 2.576) = 2.4575 angstrom. M A is 207.3 
and M B is 4. The etchant recipe (including XeF 2 and helium gas) is used to remove 
amorphous silicon within a gap having a size d of 0.5 micrometer at room temperature 300 K. 
By substituting the parameters into equations 4 and 5, diffusivities can be reduced to: 
Dab = 1644 p W ' 5 - Equation 10, and 
Du = 2.71 123 X 10" 5 . . . Equation 1 1 
By combining equations 9, 10 and 1 1, the selectivity can be written as: 
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selectivity = a^- = a¥^P = 165aP ... Equation 12 
seiecnviiy u D ^ 1.64414 

wherein P is the pressure of the etchant recipe in atmosphere. 

[0044] By comparing equation 12 with 6, it can be seen that when P is smaller than 1/1.65, 
the selectivity obtained from equation 12 is smaller than that of equation 6. As an example, P 
is 3 torr (0.00395 atm), the mean-free-path of the etchant recipe is 7.8 micrometer, winch * 
larger than the gas size 0.5 micrometer. The selectivity of equation 12 in this example can be 
calculated as 0.0065a, which is much lower than the selectivity of a obtained from equation 
6 when the pressure is high such that the mean-free-path of the etchant recipe is larger than 
the gap size 0.5 micrometer. Therefore, the etchant recipe is expected to have a pressure such 
that the mean-free-path of the etchant recipe is equal to or less than the size of the gap having 
the sacrificial material. 

[0045] Although high pressure etchant recipe benefits high etching selectivity, it may 
degrade the etching uniformity during the etching process. An optimum pressure is thus 
desired during the etching process. The optimum pressure is such a pressure at which the 
mean-free-path of the etchant recipe equals the size of the gap. Specifically, the derived 
mean-free-path from the pressure equals the size of the gap that is filled with the sacrificial 
material and not directly exposed to the sacrificial etchant recipe, such as sacrificial layers 95 
and 96. 

[0046] In the above example, in which the size of the gap (e.g. the distance between layers 
94 and 98, or the thickness of sacrificial layer 96 in FIG 1) is 0.5 micrometer, the desired 
mean-free-path corresponding to the optimum pressure is 0.5 micrometer. The optimum 
pressure can thus be calculated as 50 torr from equation 1 . 

[0047] In addition to the pressure, the diffusion mechanism and the diffusivity also depend 
upon the molecular weight and collision diameter of the molecules involved. It can be seen 
from FIG lb and equations 4 and 5, molecules having a larger collision diameter (e.g. the 
dash-line) corresponds to a smaller pressure compared to the molecules having a smaller 
collision diameter (e.g. the continuous line). For example, the mean-free-path of 1.61 
micrometer of molecules having a diameter of 3.68 angstrom corresponds to 29.7 torr. 
Whereas the same mean-free-path of molecules having a diameter of 2.58 angstrom 
corresponds to 65.3 torr. In view of this fact, the diluent gas preferably has a collision 
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diameter of from 1.8 angstrom or higher, more preferah.y 2.3 angstrom or higher, more 
preferably 4.0 angstrom or higher, and more preferably 10 angstrom or hrgher. 
,00481 From equation 4, it can be seen that the molecular diffusivity decreases with the 
increase of the molar wergh. of the etchan, recipe molecnles. And the selectivity of equatron 
,2 increases with the decrease of the molecular diffusivity. Therefore, the se.ectrvrty of 
equation ,2 increases with the increase of the molar weigh, of the etchan, recipe molecules. 
In this regards, the diluent gas of the etchant recipe preferably has a large molar werght. 
,0049] Referring to FIG. 2, an exemplary etching system, in which the embodiment of the 
invention may be implemented. The etching system comprises eteh chamber 106 and 
exchange chamber 110. The etch chamber contains the microstructure (e.g. micromrrror) 
having a sacrificial material (e.g. amorphous silicon) to be removed. A chemical etchan, that 
reacs with the sacrificial material and generate reaction products in vapor phase that can be 
evacuated from ,he etching system is selected. In the embodiment of the mventron, the 
etchant is selected from a group comprising interhalogen, noble gas halide and HF. In 
particular, when ore sacrificial material is amorphous (or porous) silicon, xenon drflnonde ,s 
selected as the etchant. The spontaneous vaporphase XeF 2 is then mixed with a diluent gases 
to form an etchant recipe in the exchange chamber. In the embodiment of the invention, the 
diluent gas is preferably an inert gas, such as nitrogen, helium, argon, krypton, neon or xenon 
or a mixture of one or more inert gases, and more preferably an inert gas having a large 
collision diameter and targe molar weight The cubic volume of the exchange chamber ,s 
preferably much less than (e.g. around one twentieth of or one fiftieth of) the cubic volume of 
fa eteh chamber such that the amount of the mixed gas of XeF 2 and the diluent gas is smaller 
than the mixed gas (including the etchant, the diluent gas and the etching products) m the 
eteh chamber. As a result, the feeding of the mixed gas into the eteh chamber dunng one 
feeding cycle does no. dramatically change the etching process, such as the etchmg rate 
inside the etch chamber. 

.00501 The exchange chamber, the etch chamber and valve V3, circulation pump 108, valve 
V4 and detector 109 form the outer circulation loop illustrated as a dotted hue. The etch 
chamber, circulation pump 108, valve V5 and de.ec.or form the inner circulation loop as 
illustrated iu another dotted line. The arrows in me figure represent the flow direction of the 
mixed gases within the etching system. Of course, the flow directions can be reversed, as 
,o„g as all flow directions witlrin each segment of the flow path are reversed. The circutation 
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pump 108 continuously pumps the gases passing by so as to maintain the circulation via the 
two loops. The detector dynamically measures the concentration of a reaction product such 
as SiF 4 gas. The measured concentration is then analyzed by the processing unit to obtain the 
progress information on the etching process inside the etch chamber. In the embodiment of 
the invention, the detector is a MKS Process Sense that uses Infra-Red light to detect the 
reaction products. Other detectors, such as a Residual Gas Analyzer from AMETEK may 
also be employed. The detector is connected to data processing unit 109a, which calculate 
relevant parameters (e.g. etching rate, surface area of the sacrificial material) from the 
measured concentration. Rather than the data processing unit, the embodiments of the 
present invention may also be implemented in a microprocessor-based programmable unit, 
and the like, using instructions, such as program modules, that are executed by a processor. 
Generally, program modules include routines, objects, components, data structures and the 
like that perform particular tasks or implement particular abstract data types. The term 
"program" includes one or more program modules. When the embodiments of the present 
invention are implemented in such a unit, it is preferred that the unit communicates with the 
detector and takes corresponding actions based upon the measured data, such as adjusting the 
concentrations of the selected chemical species. 

[0051] Valves V3, V4 and V5 switch the circulation via the inner circulation loop and the 
outer circulation loop. Specifically, the outer circulation loop is activated by opening (e.g. 
allowing the gas to flow through) valves V3 and V4, and closing (e.g. blocking the gas to 
flow through) valve V5. The inner circulation loop is activated by opening valve V5 and 
closing valves V3 and V4. 

[0052] The exchange chamber is further connected to diluent source chamber 104 via valve 
VI and the diluent source chamber is connected to diluent gas cylinder 103. In the 
embodiment of the invention, helium is preferably used as the diluent gas and contained in 
the diluent gas cylinder. Of course, other suitable gases, such as inert gas (e.g. nitrogen, Ar, 
Kr and Xe) may also be used as the diluent gas. In addition to the diluent source chamber, 
the exchange chamber is also connected to etchant source chamber 102 via valve V2 and 
pump 107 via valve V6. The etchant source chamber is further connected to the etchant gas 
container, such as XeF 2 container 101. 

[0053] In the following, an exemplary etching process will be discussed. For simplicity 
and demonstration purposes without losing the generality, the following discussion assumes 
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that helium gas is used as the vapor phase diluent gas and xenon difluotide is selected to 
remove amorphous silicon in the microstructure. 

[0054] Before the etching process, the minimum size of the gaps that are filled with the 
sacrificial material in the microstructure is estimated. A mean-free-path corresponding to the 
minimum size of the gap is calculated. The exemplary etching process begins with filling the 
exchange chamber and the etch chamber with helium gas that has a pressure preferably of 
from 1 to 700 torr, and more preferably from 20 to 500, and more preferably from 20 to 100 
torr, as long as the mean-free-path of the diluent gas is equal to or less than the minimum size 
of the gap within the microstructure. This filling step is achieved by opening valves VI, V3, 
V4, V5 and closing valves V2 and V6 for a time period, preferably around 500 milliseconds 
until the diluent gas inside the etching system reaches equilibrium. The exchange chamber is 
then pumped out so as to reduce the pressure inside exchange chamber and meanwhile, 
circulating the diluent gas through the inner loop for a time period preferably from 100 to 
1500 milliseconds. This step is accomplished by opening valve V5 and valve V6 and closing 
valves VI, V2, V3 and V4. As a result, the pressure inside the exchange chamber is reduced 
to a pressure of from 1 to 15 torr, while the pressure inside etch chamber 106 is maintained at 
its initial pressure. Because the pressure of the exchange chamber is equal to or below the 
pressure of XeF 2 inside etchant source chamber 102, XeF 2 can thus flow into the exchange 
chamber by opening valve V2 and closing valves VI, V3, V4 and V6. At this step, valve V5 
is left open - allowing the diluent gas to keep on circulating via the inner circulation loop. 
[0055] At this point, an etchant recipe having the etchant gas and the diluent gas is 
prepared. The partial pressure of the etchant gas is preferably of from 1 to 15 torr, and more 
preferably around 4 torr. A ratio of the partial pressure of the etchant gas to the partial 
pressure of the diluent gas is from 1/1000 to 1/100, and more preferably from 6/100 to 4/200. 
During this step, a first amount of XeF 2 flows into the exchange chamber. The amount may 
be controlled by the duration of opening valve V2. Alternatively the amount can be 
controlled through controlling the duration of the opening of valve V6. For example, by 
controlling the open duration of valve V6, the pressure of the gas left inside the exchange 
chamber can be set to a desired pressure value, such as 1 torr, 2 torr and 3 torr, wherein the 
desired pressure corresponds to the desired additional amount of XeF 2 to be filled into the 
exchange chamber. For example, when the pressure of the gas inside the exchange chamber 
is set to 1 torr, an additional amount of XeF 2 corresponding to 3 torr (3 torr = 4 torr - 1 torr) 
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is fed into the exchange chamber when valve V2 is opened. In the embodiment of the 
invention, the duration of opening valve V2 is preferably around 500 milliseconds. The 
helium diluent gas mixes with the XeF 2 etchant gas and reaches equilibrium. This step is 
accomplished by opening valve VI and closing valves V2, V3, V4 and V6 for a time duration 
preferably around 100 milliseconds. After the XeF 2 gas is mixed with the helium gas, the 
mixed gas is then fed into etch chamber 106. This feeding step is accomplished by opening 
valve V3 and valve V4 and closing the rest of the valves, including valves VI, V2, V5, and 
V6. It can be seen that, by closing valve V5 and opening valves V3 and V4, the inner 
circulation loop is closed and the outer circulation loop is opened. As a result, the mixed gas 
flows via the outer circulation loop and passes through the etch chamber for etching the 
amorphous silicon through the chemical reaction inside the etch chamber. This step may last 
for a time period, preferably from 1000 to 3000 milliseconds, depending upon the 
measurement result of the detector 109. 

[0056] After the feeding of the first amount of the etchant recipe into the etch chamber, 
additional etchant recipes maybe fed into the etch chamber to maintain a constant etching rate 
of the sacrificial material. The timing for feeding the additional amount of the etchant recipe 
can be determined in many ways. In an embodiment of the invention, the additional etchant 
recipes are fed according to a sequence of feeding cycles. An amount of the etchant recipe is 
fed into the etch chamber during a time slot in each feeding cycle. 

[0057] For example, during the first time slot of the first feeding cycle, a first amount of the 
selected etchant recipe is fed into the etch chamber. The etchant recipe then chemically 
reacts with the sacrificial material - resulting reaction products, also in gas phase. The 
chemical reaction consumes the selected etchant of the etchant recipe and decreases the 
amount of the etchant inside the etch chamber. This decrease slows down and may even stop 
the chemical reaction within the etch chamber before all sacrificial materials are removed. 
Therefore, a second amount of the selected etchant is fed into the etch chamber during the 
second time slot of the second feeding cycle. For the same reason, a third amount of the 
selected etchant is fed into the etch chamber during the third time slot of the third feeding 
cycle, if the sacrificial material within the etch chamber is not removed. The feed process 
continues until all sacrificial materials are removed or in practice, the amount of the 
sacrificial material inside the etch chamber is below a predefined value. The durations of the 
feeding cycles and time intervals between adjacent feeding cycles may or may not be the 
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same Instead, the duration of the feeding cycles, and the time interval between adjacent time 
s,o«s are individually adjustable. This beneftts the control of the etching rate (e.g. defined as 
the amount of sacrificial materials removed through the chemical reaction per second) 
through ou, the etching process. In an embodiment of the invention in which XeF 2 » used as 
the etchant for removing amorphous silicon in micromirror devices, the etchmg rate ,s 
preferably from 10 to 50 angstroms per second, more preferably from 20 to 30 angstroms per 
second, and more preferably around 20 angstroms per second. 

[0058] In another embodiment of the invention, additional etchant recipes are fed mto the 
etch chamber based on a measurement of the detector. For example, the detector dynamically 
measures the concentration of the etehan, inside the etch chamber. Whenever a decrease of 
the concentration is observed, an additional amount of the etchant is fed into the etch 
chamber so as to maintain a constant concentration of the etchant within the etch chamber. 
As a result, a constant etch rate can be obtained. 

,0059] When the concentration of the etchant can not be measured precisely, the detector 
can measure the concentration of an etch product, such as SiF. using Infra-Red light. In tins 
case, the derivative (dCs,* /*) is calculated in real-time by the date processing umt. These 
parameters are then used to derive the surface area of the amorphous silicon so as to 
determine whether the surface area changes. If the surface area changes, an addrtronal 
amount of the etchant recipe is prepared and fed into the etch chamber. 
,0060] After the sacrificial material is totally removed, the etching process can be 
terminated and the microstructure can be unloaded from the etch chamber. 
,0061] After the removal of the sacrificial materials such as amorphous silicon, materrals of 
the functional layers of the microstructure are left. Exemplary such materials of the 
functional layers comprises: elemental metals (e.g. Al, Au, Pt, and Cu) or metalloid (not Sr, 
and Ge), metal alloys that comprises two or more elemental metals, intermetellic compounds 
(e g Ni*Al x , Ti»Al y and TiNi) and ceramics (but not WN). A ceramic is a compound wherem 
a metal (or metalloid) is bounded to a non-metal. The ceramics for the microstructures 
comprise transition metal nitride (e.g. T,N», TaN x and CrNJ, transition metel ox.de (e.g. 
TiO TaO, and CrOJ, transition metal carbide (e.g. WC„ TiC„ TaC, and CrCJ, transmon 
metal oxynirride (e.g. TiO.N,, and TaO,N y ), transition metel silicon nitride (e.g. T,S h N y , and 
WW transition metal silicon oxynirride (e.g. TiSi 0l N y , and TaSiO,N y ), metalloid mtr.de 
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(e.g. SiN x ), metalloid oxide (e.g. SiO x ), metalloid carbide (e.g. SiC x ), metalloid oxynitride 
(e.g. SiOxN y ) or other ternary and higher compounds. 

[0062] After the etching process, other optional processes, such as coating the 
microstructure with self-assembly-monolayer (SAM) material, can be performed after step 
137. Specifically, the etch chamber is pumped out to remove the gases from inside the etch 
chamber. The microstructure is unloaded from the etch chamber and transferred into the 
SAM chamber (SAM chamber 114 in FIG. 2). The SAM chamber is then filled with the 
SAM material so as to coat the microstructure with the SAM material. After the coating, the 
microstructure is unloaded from the SAM chamber. In transferring the microstructure from 
one chamber (e.g. the etchant chamber) to another (e.g. the SAM chamber), a load-lock that 
connects the chambers is preferably employed. During a transfer from one chamber to 
another, the microstructure is unloaded from the first chamber and loaded into the load-lock 
before loading the microstructure into the second chamber. 

[0063] In addition to SAM coating process, breakthrough etch may also be applied to the 
microstructure. Specifically, the breakthrough etch for removing the non-spontaneously- 
etchable films on the sacrificial materials is performed at breakthrough chamber 1 12 (in FIG. 
2) before etching the microstructure using spontaneous vapor phase XeF 2 . After the 
completion of the breakthrough etch, the microstructure is unloaded from the breakthrough 
chamber and transferred into the etch chamber. 

[0064] Referring to FIG. 3, a portion of another etching system in which embodiments of 
the invention may be implemented is illustrated therein. Exchange chamber 130 is connected 
to a diluent gas source and etchant gas source, which can be mixed properly inside the 
exchange chamber. Specifically, the partial pressure of the etchant gas within the gas mixture 
can be adjusted by pump 132 and valve V3 connected to the exchange chamber. Etch 
chamber 116 is connected to the exchange chamber via chamber gate 128 that controls the 
gas flow from the exchange chamber into the etch chamber. This arrangement clearly 
benefits the etchant feeding speed from the exchange chamber to the etch chamber. In an 
embodiment of the invention, the etching sample (e.g. microstructure 122) is held by 
rotatable sample holder 124 such that the etching sample rotates along with the sample 
holder. As a result, the etchant gas can be uniformly distributed on the etching sample 
surface, and the sacrificial material within the etching sample can be uniformly removed. 
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Alternatively, agitator 118, such as a fan, can be disposed proximate to the etching sample for 
agitating the etchant gas within the etch chamber. 

[0065] The etching system may further comprise pump 126 that is connected to the etch 
chamber for pumping out the gas mixture (including the etchant, the diluent gas and the 
etching products) out of the etch chamber. Alternatively, the etch system may have a 
circulation loop comprises of pump 126 and the etch chamber for circulating the etchant, as 
well as the diluent gas through the etch chamber. In this case, the pump is used for 
maintaining the circulation. 

[0066] As an alternative feature of the embodiment, detector 120, which is preferably a 
Fourier-Transformation Infra-Red detector, is provided to dynamically measure the 
concentration of the etchant (e.g. XeF 2 ) inside the etch chamber. The measured concentration 
of the etchant is analyzed (e.g. by a data processing unit, which is not shown) and used to 
control the etchant feeding processes so as to maintain a constant etching rate. For example, 
when the detector detects a decrease of the concentration of XeF 2 inside the etch chamber, an 
additional amount of XeF 2 (or a mixture of the amount of XeF 2 and a diluent gas) is fed into 
the etch chamber to balance the decrease. 

[0067] As a way of example, a fabrication process using the etching process of the present 
invention for removing amorphous silicon used as the sacrificial material within a 
micromirror array of a spatial light modulator will be discussed in the following. 
[0068] Referring to FIG. 4, a perspective view of a portion of a spatial light modulator 140 
is illustrated therein. The spatial light modulator comprises an array of micromirrors 148 
and array of electrodes 146. In this particular example, the micromirrors are formed on 
substrate 142, such as quartz or glass that is transmissive to visible light. And the electrode 
array is formed on substrate 144 which is a standard semiconductor wafer. In addition to the 
electrode array, a circuit array, such as a DRAM or SRAM array is also formed on substrate 
144. Each circuit maintains a voltage signal and is connected to one electrode such that the 
voltage of the electrode is defined by the voltage signal in the circuitry. Each electrode is 
associated with a micromirror such that an electric field can be established between the 
electrode and a rotatable mirror plate of the micromirror and the electrode associated with 
the micromirror. In this way, the rotation of the mirror plate, thus the state of the 
micromirror can be controlled. 
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[0069] FIG. 5 schematically illustrates a perspective view of a micromirror of the 
micromirror array 148 in FIG. 4. As can be seen, the micromirror comprises mirror plate 
156, hinge 160, hinge contact 158 and hinge support 154. The mirror plate is connected to 
the hinge through the contact. And the hinge is affixed to the hinge support that is formed on 
substrate 142. With this configuration, the mirror plate is able to rotate asymmetrically along 
the rotation axis in two opposite rotation directions and achieves a large ON state angle 
compared to the ON state angles achieved by those micromirrors rotating symmetrically. 
[0070] There is a variety of ways to construct the micromirror device described above, such 
as the fabrication methods disclosed in US patents 5,835,256 and 6,046,840 both to Huibers, 
the subject matter of each being incorporated herein by reference. Regardless of the 
fabrication process, sacrificial materials are deposited between structures of the micromirrors 
and removed afterwards. For example, a sacrificial material is deposited between the mirror 
plate and the hinge to which the mirror plate is attached. The order of the fabrication steps 
for the mirror plate and the hinge depends upon the selected fabrication process and other 
factors, such as substrate. In particular, the mirror plate can be fabricated before the hinge, 
and alternatively, it can be fabricated after the hinge. For example, when the substrate is a 
silicon wafer, the hinge is fabricated before the mirror plate on the silicon wafer. For another 
example, when a glass substrate that is transmissive to visible light is used, the mirror plate is 
then fabricated before fabricating the hinge on the glass substrate. The sacrificial material 
also fills the space, such as gaps between adjacent micromirrors of the micromirror array. 
Removal of those sacrificial materials, however, is not a trivial process. In the embodiment 
of the invention, the size of the gap between the hinge and the mirror plate is preferably from 
0.15 to 0.45 microns, although the distance between the mirror plate and the hinge can be 
0.15 to 1.5 microns according to the present invention. In order to efficiently remove 
sacrificial materials between the structures of the micromirrors, a spontaneous vapor phase 
chemical etching process is employed, which will be described in the following discussion 
on an exemplary fabrication process. 

[0071] A demonstrative fabrication process for making the micromirror and the micromirror 
array device of the present invention will be discussed in the following with references to 
FIG. 6a through FIG. 6c. US patent applications 09/910,537 filed on July 20, 2001 and 
60/300,533 filed on June 22, 2001 both to Reid contain examples of the materials that may 
be used for the various components of the present invention. These patent applications are 
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also incorporated herein by reference. It should be appreciated by those of ordinary skill in 
the art that the exemplary processes are for demonstration purpose only and should not be 
interpreted as limitations. In particular, although not limited thereto, the exemplary 
micromirror is formed on a glass substrate that is transparent to visible light. And electrode 
and circuitry are formed on a separate substrate, such as a silicon wafer. Alternatively, the 
micromirror and the electrode and circuitry can be formed on the same substrate. 
[0072] Referring to FIG. 6a, a cross-section view of a micromirror FIG. 5 during an 
exemplary fabrication process is illustrated therein. The micromirror is formed on substrate 
142, which can be glass (e.g. 1737F, Eagle 2000, quartz, Pyrex™, sapphire) that is 
transparent to visible light. First sacrificial layer 162 is deposited on the substrate followed 
by forming mirror plate 156. The first sacrificial layer may be any suitable material, such as 
amorphous silicon, or could alternatively be a polymer or polyimide, or even polysilicon, 
silicon nitride, silicon dioxide and tungsten, depending upon the choice of sacrificial 
materials, and the etchant selected. In the embodiment of the invention, the first sacrificial 
layer is amorphous silicon, and it is preferably deposited at 300-350 °C. The thickness of the 
first sacrificial layer can be wide ranging depending upon the micromirror size and desired 
title angle of the micro-micromirror, though a thickness of from 500 A to 50,000 A, 
preferably around 25,000 A, is preferred. The first sacrificial layer may be deposited on the 
substrate using any suitable method, such as LPCVD or PECVD. 

[0073] According to the invention, the thickness of the mirror plate is from 500 A to 50,000 
A, preferably around 2500A. Moreover, the mirror plate is a multi-layered structure, which 
comprises a SiO x layer with a preferred thickness around 400A, a light reflecting layer of 
aluminum with a preferred thickness around 2500 A, a titanium layer with a preferred 
thickness around 80A, and a 200 A TiN x layer. In addition to aluminum, other materials, 
such as Ti, AlSiCu and TiAl, having high reflectivity to visible light can also be used for the 
light reflecting layer. These mirror plate layers can be deposited by PVD at a temperature 
preferably around 150°C. 

[0074] After deposition, the mirror plate is patterned into a desired shape. The patterning of 
the micromirror can be achieved using standard photoresist patterning followed by etching 
using, for example CF4, C12, or other suitable etchant depending upon the specific material 
of the micromirror plate layer. 
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[0075] After patterning the mirror plate, second sacrificial layer 172 is deposited on the 
mirror plate. The second sacrificial layer may comprise amorphous silicon, or could 
alternatively comprise one or more of the various materials mentioned above in reference to 
the first sacrificial layer. First and second sacrificial layers need not be the same, although 
they are the same in the preferred embodiment so that, in the future, the etching process for 
removing these sacrificial materials can be simplified. Similar to the first sacrificial layer, 
the second sacrificial layer may be deposited using any suitable method, such as LPCVD or 
PECVD. In the embodiment of the invention, the second sacrificial layer comprises 
amorphous silicon deposited at approximate 350°C. The thickness of the second sacrificial 
layer can be on the order of 12,000A, but may be adjusted to any reasonable thickness, such 
as between 2,000A and 20,000A depending upon the desired distance (in the direction 
perpendicular to the micromirror plate and the substrate) between the micromirror plate and 
the hinge. It is preferred that the hinge and mirror plate be separated by a gap with a size 
from 0.1 to 1.5 microns, more preferably from 0.1 to 0.45 micron, and more preferably from 
0.25 to 0.45 microns. Larger gaps could also be used, such as a gap from 0.5 to 1.5 
micrometers, or from 0.5 to 0.8 micrometer, or from 0.8 to 1.25 micrometers, or from 1.25 to 
1.5 micrometers. 

[0076] The deposited second sacrificial layer is then patterned for forming two deep-via 
areas 152 and shallow via area 158 using standard lithography technique followed by 
etching, as shown in the figure. The etching step may be performed using Cl 2 , BC1 3 , or other 
suitable etchant depending upon the specific material(s) of the second sacrificial layer. The 
distance across the two deep-via areas depends upon the length of the defined diagonal of the 
micromirror plate. In an embodiment of the invention, the distance across the two deep-via 
areas after the patterning is preferably around lOum, but can be any suitable distance as 
desired. In order to form the shallow-via area, an etching step using CF 4 or other suitable 
etchant may be executed. The shallow-via area, which can be of any suitable size, is 
preferably on the order of 2.2 square microns. And the size of each deep-via is approximate 
1 .0 micron. 

[0077] After patterning the second sacrificial layer, hinge structure layer 170 is deposited on 
the patterned second sacrificial layer. The hinge structure layer preferably comprises a 400A 
thickness of TiN x (although it may comprise TiN x , and may have a thickness between 100 A 
and 2000A) layer deposited by PVD, and a 3500A thickness of SiN x (although the thickness 
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of the SiNx layer may be between 2000 A and 10,000 A) layer 350 deposited by PECVD. Of 
course, other suitable materials and methods of deposition may be used (e.g. methods, such 
as LPCVD or sputtering). The TiN x layer is not necessary for the invention, but provides a 
conductive contact surface between the micromirror and the hinge in order to, at least, reduce 
charge-induced stiction. 

[0078] After the deposition, hinge structure layer 250 is patterned into a desired shape. An 
etching step using one or more proper etchants is executed in patterning the hinge structure 
layer. In particular, the layer can be etched with a chlorine chemistry or a fluorine chemistry 
where the etchant is a perfluorocarbon or hydrofluorocarbon (or SF 6 ) that is energized so as 
to selectively etch the hinge support layers both chemically and physically (e.g. a 
plasma/RIE etch with CF 4 , CHF 3 , C 3 F 8 , CH 2 F 2 , C 2 F 6 , SF 6 , etc. or more likely combinations 
of the above or with additional gases, such as CF4/H2, SF 6 /C1 2 , or gases using more than one 
etching species such as CF 2 C1 2 , all possibly with one or more optional inert diluents). 
Different etchants may, of course, be employed for etching each hinge support layer (e.g. 
chlorine chemistry for a metal layer, hydrocarbon or fluorocarbon (or SF 6 ) plasma for silicon 
or silicon compound layers, etc.). After deposition, the hinge layer is then patterned using 
the same technology applied in patterning the hinge structure layer 

[0079] After the hinge is formed, the micromirror is released by removing the first and 
second sacrificial layers. In order to efficiently remove the sacrificial material (e.g. 
amorphous silicon), a spontaneous vapor phase gas etchant recipe is prepared. The etchant 
recipe comprises a spontaneous vapor phase etchant, preferably selected from a group 
comprising interhalogen (e.g. BrF 3 ), noble gas halide (e.g. XeF 2 ) and HF. In this example, 
xenon difluoride is selected as the etchant gas. The etchant recipe further comprises a 
diluent gas which is preferably an inert gas that is selected from a group comprising N 2 , He, 
Ne, Ar, Kr and Xe. The diluent gas preferably has a large collision diameter and a large 
molar weight. The etchant recipe is prepared according to the minimum size of the gap 
having the sacrificial material. In this example, the minimum gas size is the distance 
between the mirror plate and the hinge. According to an embodiment of the invention, the 
etchant recipe is prepared such that the mean-free-path of the etchant recipe gas is equal to or 
less than the distance between the mirror plate and the hinge. 

[0080] The preparation of the etchant recipe and the etching process using the prepared 
etchant recipe are performed in the etching system as described with reference to FIG. 2 and 
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FIG. 3. FIG. 6b illustrates a cross-sectional view of the micromirror during the etching 
process. As shown in the figure, the sacrificial material within the gaps (e.g. the gap 
between the hinge and the mirror plate, the gap between the substrate and the mirror plate, 
and the gap between adjacent micromirrors) is removed. The etching products in gas phase 
flow out from the gaps and are evacuated outside the etching system. 

[0081] After the sacrificial material and the sacrificial layers are removed, the micromirror 
device is released such that the mirror plate is able to rotate relative to the substrate. A 
cross-sectional view of the released micromirror device is illustrated in FIG. 6c. 
[0082] It will be appreciated by those skilled in the art that a new and useful apparatus and 
method for removing sacrificial materials of microstructures have been described herein. In 
view of many possible embodiments to which the principles of this invention may be 
applied, however, it should be recognized that the embodiments described herein with 
respect to the figures are meant to be illustrative only and should not be taken as limiting the 
scope of invention. For example, those of skill in the art will recognize that the illustrated 
embodiments can be modified in arrangement and detail without departing from the spirit of 
the invention. For example, the sacrificial layers, if silicon, could also be removed by other 
spontaneous chemical vapor phase etchants, such as other noble gas halides or interhalogens 
(bromine trifluoride, bromine trichloride, etc.). For another example, a plurality of exchange 
chambers may be provided for feeding the etchant recipe.. At each feeding cycle, one or 
more exchange chambers are selected to prepare the etchant recipe and feed the prepared 
etchant recipe into the etch chamber, whereas it is preferred that different exchange 
chambers are selected for prepared and feeding etchant recipes in successive feeding cycles. 
Therefore, the invention as described herein contemplates all such embodiments as may 
come within the scope of the following claims and equivalents thereof. 
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